Accurate chromosome segregation is essential for cell viability. The mitotic spindle is crucial for chromosome segregation, but much remains unknown about factors that regulate spindle assembly. Recent work implicates RNA in promoting proper spindle assembly independently of mRNA translation; however, the mechanism by which RNA performs this function is currently unknown. Here, we show that RNA regulates both the localization and catalytic activity of the mitotic kinase, Aurora-B (AurB), which is present in a ribonucleoprotein (RNP) complex with many mRNAs. Interestingly, AurB kinase activity is reduced in Xenopus egg extracts treated with RNase, and its activity is stimulated in vitro by RNA binding. Spindle assembly defects following RNase-treatment are partially rescued by inhibiting MCAK, a microtubule depolymerase that is inactivated by AurB-dependent phosphorylation. These findings implicate AurB as an important RNA-dependent spindle assembly factor, and demonstrate a translation-independent role for RNA in stimulating AurB.
Introduction
The spindle is a macromolecular assembly of microtubules and associated proteins that controls the segregation of chromosomes during each eukaryotic cell division. During mitosis, centrosomes nucleate microtubules that search for and capture chromosomes, resulting in chromosome alignment at the metaphase plate [1] . In addition, chromatin stimulates microtubule nucleation, resulting in spindle self-organization in the absence of centrosomes [2, 3] . The importance of each of these pathways varies between cell types [4] . Most somatic cells use centrosomes to promote spindle assembly, while female meiotic cells lack centrosomes and instead use chromatin-dependent pathways to nucleate and assemble spindles.
The two major chromatin-dependent pathways regulating microtubule assembly involve the small GTPase Ran and the mitotic kinase Aurora-B (AurB). Ran-GTP is produced near chromosomes and releases spindle assembly factors-such as NuMA [5, 6] , TPX2 [7] , HURP [8, 9] , and NuSAP [10] -from inhibition by the nuclear import receptor Importin b. In parallel, the Chromosome Passenger Complex (CPC)-consisting of the kinase AurB and associated proteins Incenp, Borealin (DasraA in Xenopus), and Survivin-localizes to chromatin, centromeres, and microtubules during mitosis to promote spindle assembly (reviewed in [11] [12] [13] ). The major targets of this complex are two microtubule-depolymerizing proteins: Op18 [14] , which binds to and sequesters free tubulin dimers [15] , and MCAK [16, 17] , a kinesin-13 family member [18] that is the major depolymerizing activity in Xenopus egg extracts [19, 20] . Both proteins are inactivated when phosphorylated by AurB during mitosis [14, 16, 17, 21] , allowing robust spindle assembly.
Although many proteins regulating spindle assembly have already been characterized, recent work has demonstrated that RNA also plays a critical role in promoting proper spindle assembly. Many mRNAs encoding mitotic regulators and components of the translation machinery localize to mitotic and meiotic spindles [22] [23] [24] [25] [26] [27] [28] [29] [30] , and studies in several systems have demonstrated that RNA and RNA-binding proteins are important for proper mitotic progression [31] [32] [33] [34] . Previous work demonstrated a role for spindle-localized translation in regulating cell division [23, 24] , and our group found that RNA was required in a translation-independent manner for spindle assembly in meiotic Xenopus egg extracts [22, 35] .
Our previous study indicated that a Rae1-containing RNP regulated spindle assembly in Xenopus and human cells [35] . However, whether RNA regulates additional mitotic spindle assembly factors, and the mechanism by which RNA promotes spindle assembly in a translation-independent manner, remain unknown. Interestingly, recent work in cultured mouse and human cells demonstrated that AurB binds to and is activated by a transcript arising from minor satellite DNA [36] , and that the localization of both Incenp and Survivin to the centromere is abolished in RNase-treated chromosome spreads [37] , suggesting that the CPC could be regulated by binding to RNA. However, the mechanism of CPC regulation by RNA and the functional consequences of this interaction are unclear. Here we use Xenopus egg extracts to explore the hypothesis that the CPC is another spindle assembly factor that is regulated by RNA binding. We show that AurB activity is reduced in RNase-treated extracts, and that AurB is present in a complex with RNAs. We also show that the CPC binds to RNA in vitro, leading to AurB activation. Thus, we propose that AurB is an additional spindle regulatory enzyme governed by RNA-binding.
Results

RNA activates the mitotic kinase AurB
Previous work in mouse and human cells suggested that localization and activation of AurB is regulated by RNA. To determine if AurB activity is regulated by RNA in Xenopus egg extracts, we assayed AurB activity by monitoring Op18 hyperphosphorylation [14] . We observed consistently reduced hyperphosphorylation in RNase-treated extracts, both in the presence or absence of phosphatase inhibitors, but not in extracts treated with protein synthesis inhibitors (Fig. 1A, S1A ), consistent with a translation-independent role for RNA in activating AurB. To measure the kinase activity of AurB directly, we immunoprecipitated AurB using custom antibodies (Fig. S1B ) and tested its ability to phosphorylate an N-terminal fragment of the AurB target MCAK [16, 17] in vitro in the presence or absence of RNA ( Fig. 1B-C, Fig. S1C ). RNase treatment was conducted either in extract prior to immunoprecipitation, or in the wash following AurB isolation on beads. These treatments reduced AurB activity to less than half of control levels (Fig. 1C) . Similar results were obtained using histone H3, another target of AurB [38] , as the substrate with either endogenous or recombinant AurB in extracts ( Fig. S1D-E) . The reduction in activity following RNase treatment in the wash is notable, as it suggests that RNA is present in a complex with AurB, and not simply required for steps upstream of kinase activation. Importantly, we found that RNaseA did not copurify with AurB under our IP conditions, demonstrating that the inhibitory affect of RNase treatment is not an indirect affect of RNase binding to AurB (Fig. S1I) . To test whether the reduction of kinase activity is due to translation inhibition, AurB activity was assessed in extracts treated with puromycin at concentrations that inhibit both cap-and IRES-dependent translation (Fig. S1F) . AurB isolated from puromycin-treated extracts displayed activity similar to that from untreated extracts, indicating that RNA stimulates AurB activity independently of translation (Fig. S1G ). As expected, AurB from interphase extracts displayed low activity [39] . We have previously shown that RNase treatment reduces CyclinB-CDK kinase activity by ,25%, and that this decrease results from inhibiting translation [35] . Therefore, the translation-independent regulation of catalytic activity by RNA is not a hallmark of all kinases, and suggests that AurB is particularly sensitive to the presence of RNA.
To determine if AurB associated with RNA in egg extracts, we isolated AurB under different states of kinase activation-inactive (interphase) and active (mitotic) (Fig. S1G )-and assayed for the presence of RNA coprecipitating with AurB. AurB coprecipitated roughly equivalent amounts of RNA under both conditions, indicating that binding to RNA, like the assembly of the CPC components [39] , is not cell-cycle regulated (Fig. 1D) . Under immunoprecipitation conditions leading to .90% AurB depletion from extract, 0.4% of RNA from extract coprecipitated with AurB, whereas only 0.01% copurified with nonspecific IgG antibodies. We tested whether transcripts associated with AurB could rescue the decrease in kinase activity due to RNase treatment. AurB was stimulated in extracts by addition of chromatin, AurB-bound RNA was purified (Fig. S1H) , and the RNA was added to in vitro IP-kinase reactions that had been treated with RNase in the washes and further washed to remove RNase ( Figure S1I-J) . The pool of AurB-associated, purified RNA could rescue kinase activity in a concentration-dependent manner (Fig. 1E) , but had no effect on control, untreated reactions (Fig.  S1K) . Total RNA from extract could also rescue kinase activity (Fig. 1F ), albeit at higher concentrations, indicating that the rescue was more efficient with AurB-bound transcripts. The ability to rescue kinase activity by adding RNA demonstrates that the loss of activity following RNase treatment does not arise from nonspecific toxicity of the treatment. These results indicate that RNA is a component of an AurB-containing complex and promotes kinase activation.
The CPC binds RNA in a sequence-specific manner AurB-associated RNA qualitatively differed from total extract RNA, with an apparent decrease in the proportion of rRNA and an increased proportion of high molecular weight RNAs present in AurB immunoprecipitations (Fig. 1D, line) . To determine if AurB associates with specific transcripts, we isolated and sequenced transcripts bound to AurB in interphase and mitosis. Over 600 RNAs were enriched in mitotic AurB immunoprecipitations compared to their levels in total extract ( Fig. 2A , red points); 465 were specifically enriched in mitotic-but not interphaseimmunoprecipitations, suggesting cell-cycle regulated binding of specific RNA targets (Fig. 2B , red points). Many of these transcripts contained clear protein-coding domains, although we cannot exclude the possibility that some of the transcripts may be non-coding due to incomplete sequencing and annotation of the X. laevis genome. Gene Ontology analysis [40] of AurB-enriched transcripts demonstrated that they were significantly enriched for mRNAs coding for cytoskeletal proteins and transcription factors (Table S1 ), similar to mRNAs that we have previously reported to be enriched on microtubules (Table S1 ). In contrast to the association of AurB with satellite repeats in mouse cells [36] , we did not observe a preferential association of AurB with repetitive transcripts (Cenp-A-associated repeats [41] , transposons, or other repeats; data not shown). Interestingly, transcripts enriched in mitotic AurB immunoprecipitations showed a striking correlation with transcripts localized to spindles ( Fig. 2C and Table  S3 )(Pearson correlation coefficient = 0.42, p-value for spindle enrichment of AurB-enriched transcripts vs all transcripts = 2.2610 216 ), demonstrating that AurB associates with mRNAs that are enriched on mitotic spindles. The binding of three transcripts enriched in mitotic AurB immunoprecipitations was confirmed by qPCR ( Fig. 2D ) in three extracts. Transcripts bound to AurB in mitosis showed significant over-representation of adenines (Table S2) , and motif analysis of the primary sequences using MEME [42] revealed that transcripts bound to AurB in mitosis were enriched for A-rich tracts (poly-A tails were excluded from analysis). Mutation of each purine to the other purine, and each pyrimidine to the other pyrimidine, within this region in one AurB-associated RNA reduced binding by half (Fig. 2E ). This region may either be recognized directly by the AurB complex, or it may influence formation of an RNA structure at a distal site that is recognized by the complex. The number and sequence specificity of transcripts bound to AurB are reminiscent of the transcripts bound by many other RNA-binding proteins that have been examined by high-throughput sequencing [43] [44] [45] [46] [47] , suggesting that AurB is a bona fide RNP component.
RNA directly binds and activates the CPC
Our experiments in extracts did not define whether RNA binds directly to the CPC, or binds indirectly via other proteins that may associate with the complex. To determine whether the CPC binds directly to RNA, we examined the interaction of recombinant CPC with RNA in vitro (Fig. S2A, B ) using electrophoretic mobility shift assays (EMSA). We tested binding to three transcripts-Xl. 19006, Xl. 19006 mut, and Xl. 84202 (Fig. 2D )-that display varying affinities for the CPC in extract (Fig. 2D and Table S3 ). The CPC bound equivalently to all three RNAs in vitro, but bound with a much lower affinity to a DNA fragment encoding Xl. 19006 (Fig. 3A-D, Fig. S3E , Table 1 ). The interaction of the CPC with RNA in vitro is characterized by a lack of sequence specificity and a lack of charge-mediated interactions (as evidenced by a lower affinity of DNA), which is reminiscent of the mode of interaction of PRC2 with RNA in vitro [48] . This result suggests that the CPC may interact with RNA through relatively nonspecific base stacking interactions, as exemplified by the recent structure of the exosome [49] . These results indicate that the CPC possesses RNA-binding activity, in addition to the chromatin-and histonebinding properties described previously [50] [51] .
To further define the RNA-binding subunits within the CPC, we tested RNA binding of AurB alone or in complex with Incenp, and Survivin alone or in complex with DasraA. Full-length AurB alone displayed appreciable affinity for RNA (Table 1 , Fig. S2C , S3A), whereas the N-terminus of AurB did not (data not shown). Survivin bound to RNA when complexed with DasraA, but not on its own (Fig. S2D, S3B) . Interestingly, the AurB/Incenp complex demonstrated some sequence-specific binding, with a 2-fold higher affinity for Xl. 19006 (which binds strongly to AurB in extract (Fig. 2D) ), compared to that for Xl. 84202 (which binds minimally in extract (Fig. 2D) ) (Fig. S2F, S3D ). No protein combinations showed specificity for the wild-type Xl. 19006 sequence over the mutant version (Fig. 2D) , indicating that sequence-specific binding results from additional regulation in vivo. Taken together, our results demonstrate that the CPC is a bona fide RNA bindingcomplex with at least 2 RNA-binding domains: one in AurB and another in Survivin/DasraA (likely in DasraA).
To determine if RNA-binding by the CPC activates AurB we adapted a protocol [52] in which the activity of recombinant AurB is first abolished by l-phosphatase treatment, followed by inactivation of the phosphatase. Reactivation of AurB in the presence of stimulatory factors was assessed by measuring Incenp phosphorylation and AurB autophosphorylation. In this assay, RNA stimulated the activity of both AurB/Incenp and the full CPC ( Fig. 3E-G) , whereas double-stranded DNA of the same sequence did not. RNA did not stimulate the catalytic activity of GFP-Aurora-B lacking Incenp, demonstrating that RNA must act in combination with other factors to promote AurB activation (data not shown). These results demonstrate that RNA binds directly to the CPC and stimulates the catalytic activity of AurB, and that the effect does not result from simple electrostatic chargebased interactions. As expected based on the EMSA studies above, two different RNA sequences (Xl. 84204 and Xl. 19006) equally stimulated kinase activity of the purified CPC in vitro (Fig. S4A) . Two different mechanisms for enhancement of catalytic activity by RNA seem plausible: RNA may bind and allosterically activate the enzyme, or it may serve as a scaffold to cluster multiple kinase complexes, as has been reported for chromatin and microtubules [51, 53] . We favor the former possibility for two reasons: first, in vitro kinase assays were performed under saturating RNA conditions in which the majority of RNA molecules are expected to bind a single CPC. Second, in vitro reactions containing an 80% reduction in the amount of RNA, which is predicted to enhance clustering by increasing the number of CPC molecules bound per transcript, caused no change in in vitro autophosphorylation (data not shown). 
RNA promotes proper AurB and MCAK localization at centromeres
Because AurB localization and activation are controlled by overlapping mechanisms (reviewed in [11] ) we analyzed AurB localization at inner centromeres by adding recombinant, GFPtagged AurB to spindle assembly reactions. While control spindles displayed multiple, bright AurB foci at centromeres, the number and intensity of such foci were greatly reduced upon RNasetreatment ( Fig. 4A-B ). AurB remained localized diffusely to chromatin and microtubules in RNase-treated extracts, indicating that centromere enrichment was differentially compromised. The localization defect did not result from disruption of CPC assembly, as the core CPC subunits associated similarly with GFP-AurB in control and RNase-treated extracts (Fig. 4C) . These results reveal that RNA functions analogously to the protein components of the CPC, which govern both AurB enrichment at centromeres and kinase activity in vitro (reviewed in [11] ).
Our results established that RNA is required for maximal levels of AurB activity and localization. Because AurB phosphorylation is required for centromere-and chromatin-localization of MCAK [17, 54] , we asked whether MCAK localization was affected in RNase-treated extracts. We first assessed localization on nuclei that had been cycled through interphase and rearrested in mitosis in the presence of nocodazole to depolymerize microtubules, which has previously been used to assess the role of AurB in MCAK localization [54] . This treatment ensured that any effects of RNase treatment were not due to differences in kinetochoremicrotubule attachments, which also affect MCAK intensity and distribution at centromeres [55] . Under these conditions, MCAK localization to centromeres was consistently reduced in the absence of RNA (Fig. 5A-B) . The reduction in MCAK localization was not the result of a decrease in total MCAK levels following RNase treatment ( Figure 5G ). Next, we tested MCAK localization relative to that of the outer kinetochore marker Cenp-E in the context of cycled spindles. Consistent with our results in nocodazole-treated spindles we observed that MCAK intensity at centromeres was reduced ( Figure 5F ). Additionally, the remaining MCAK staining at centromeres was redistributed compared to that of untreated spindles. While MCAK formed a single focus between each pair of sister kinetochore Cenp-E foci on control spindles, upon RNase treatment MCAK redistributed away from the centromere and formed two foci closer to the Cenp-E markers ( Fig. 5C-D) . This relocalization was apparent as an increased overlap between Cenp-E and MCAK foci (Fig. 5E) , and occurred irrespectively of inter-kinetochore distances (Fig. 5C-D, insets) , Table 1 . Apparent dissociation constants (nM) for binding of various CPC subunits to RNA and DNA sequences as defined in Fig. 3 suggesting that the phenomenon does not arise secondarily to defects in tension between kinetochores. These results are consistent with the phenotypes reported for two non-phosphorylatable mutants of MCAK lacking AurB phosphorylation sites. In Xenopus egg extracts, non-phosphorylatable MCAK displayed reduced centromeric localization [21] , while in human cells a similar mutant redistributed closer to the outer kinetochore [16] . These results demonstrate that RNA regulates MCAK localization, likely via its effects on AurB.
MCAK inhibition rescues spindle assembly in the absence of RNA
If RNA does, in fact, activate AurB in vivo, one expectation is that the microtubule depolymerization activity of MCAK, which is repressed by AurB-mediated phosphorylation during mitosis [17, 21, 54] , would be hyperactive in the absence of RNA. Although AurB has many targets during mitosis, including kinetochore proteins whose phosphorylation regulates microtubule attachment [56] , MCAK is the primary target of AurB in Xenopus egg extracts [17, 57] . Therefore, inhibiting MCAK activity would be predicted to ameliorate the spindle defects observed upon RNase treatment of extracts. To test this hypothesis, we assessed the effects of antibody inhibition of MCAK on spindle assembly. RNase-treatment of extracts resulted in reduced efficiency of spindle assembly, with the spindles that did form exhibiting elongated pole-to-pole distances (Fig. 6A-B, Fig. S1L ). These effects occurred independently of translation [22, 35] . Our results suggested that the spindle phenotypes in RNase-treated extracts resulted from partial AurB inhibition, as well as from effects on other spindle assembly factors such as Ran and Rae1. Strikingly, addition of low levels of inhibitory aMCAK antibodies (7% of the amount needed for complete inhibition of MCAK [58] ) improved the efficiency of spindle assembly (Fig. 6B) , as well as the overall morphology (Fig. S4B ). This result indicates that RNase treatment does not produce a globally toxic environment incapable of supporting microtubule polymerization. It is formally possible that RNA acts to inhibit MCAK independently of AurB resulting in hyperactivation of MCAK in RNase-treated extracts. However, because we observe that RNA directly stimulates AurB we favor the possibility that the spindle assembly effects of RNase treatment are caused by loss of AurB activity. We found that the rescue was specific to MCAK inhibition and not a result of generally promoting microtubule polymerization, as 'overexpression' of recombinant EB1, which also promotes polymerization [59] , had no effect on spindle assembly (Fig. 6C-D) . This result is consistent with the observation that microtubule assembly factors are not fully redundant with each other [59] . The inability of MCAK inhibition to fully restore spindle assembly in RNase-treated extracts likely arises from pleiotropic effects of RNA on additional spindle assembly factors, such as Ran and Rae1, and from effects on other AurB targets. Nevertheless, the partial rescue of spindle assembly by MCAK inhibition demonstrates that the AurB-MCAK pathway is strongly affected by RNase treatment, and supports the idea that RNA activates AurB to promote spindle assembly.
Discussion
Our results have identified an additional molecular pathway explaining the observation that RNA is required in a translationindependent manner for spindle assembly [35] . Here we have shown that RNA promotes maximal activation of the essential mitotic kinase AurB, and directly interacts with the CPC through multiple RNA-binding domains in the protein complex. RNasetreated extracts display several hallmarks of reduced AurB activity, including impaired spindle assembly, decreased Op18 hyperphosphorylation, and defects in MCAK localization at centromeres. The spindle morphology defects noted in RNase-treated extracts are largely mediated by MCAK, a microtubule-depolymerizing enzyme whose activity is downregulated by AurB-dependent phosphorylation [17, 21] .
RNA directly activates AurB kinase activity
AurB activity is highly regulated by multiple mechanisms, including its synthesis, degradation, subcellular localization, phosphorylation, and interaction with other proteins [11] . Several previous studies have suggested that RNA also regulates some aspect of AurB function. In somatic cells, mitotic chromosome spreads treated with RNase fail to localize Incenp and Survivin to metaphase chromosomes [37] . In addition, centromeres are regions of active transcription during mitosis [60] , and low levels of transcription from the centromeric repeat sequences are required for proper centromere function [61] . Accordingly, AurB in mouse cells binds centromeric transcripts in vivo and is activated by them in vitro [36] . These studies suggest that repeat RNA is an active component of the centromere [62] and may serve to recruit and activate AurB there. While active transcription is important for centromere and kinetochore assembly in human cells, it is unlikely to impact centromeres in Xenopus eggs and early embryos, as several studies have shown that no transcription occurs in these cells [63] [64] [65] . Our study builds on these previous results, and represents the first genome-wide analysis of transcripts that associate with a centromere-localized factor. We found that AurB bound RNAs were very well correlated with transcripts that also localize to the spindle during mitosis. We did not identify any repetitive RNAs in our AurB IPs, but the unfinished nature of the Xenopus genome may have prevented identification of such sequences. Our results are consistent with these previous studies, as we have found that RNA is important for both the localization and activation of AurB, and suggest that AurB can bind to, and be activated by, a variety of RNA classes.
Our results have demonstrated that the interaction of the CPC with RNA in vitro occurs through RNA-binding sites in AurB and DasraA. Our in vitro experiments did not identify sequence-specific RNA binding in either of these domains, but it is possible that a more exhaustive examination of AurB-RNA interactions in vitro may identify a preferred binding site motif. A previous study of immunopurified mouse CPC hinted that the CPC may be a sequence-specific RNA binding complex as it was activated more effectively by minor satellite RNA compared to b-tubulin mRNA [36] . In agreement with this result, we found that the interaction of the CPC with RNA was not mediated through electrostatic interactions, as the CPC bound with much higher affinity to RNA compared to dsDNA. Crosslinking and Immunoprecipitation (CLIP) [66] experiments performed in live cells will be necessary to identify the RNA sites preferentially bound by the CPC in vivo.
In addition to defining RNA elements that stimulate AurB activity, it will be important to identify the domains and residues within AurB and Dasra/Borealin that are important for interacting with RNA. None of the members of the CPC contains a canonical RNA-binding domain, which is consistent with recent high-throughput approaches that find many proteins without annotated RNA-binding domains bind directly to mRNA [67, 68] . Understanding the domains of the CPC that interact directly with RNA will provide insight into the mechanism of kinase activation by RNA, and allow the creation of RNA-binding mutations that will facilitate testing the role of RNA-binding by the CPC in vivo.
Our work has shown that RNase treatment of egg extract leads to defects in spindle assembly and AurB activation. While the results of RNase treatment of egg extract, and the partial rescue of spindle assembly by MCAK inhibition, are consistent with a role for RNA in the activation of AurB, this treatment is likely to cause pleiotropic phenotypes, some of which are not related to inactivation of AurB. Therefore, specific point mutations of the CPC that prevent RNA binding will more precisely define the role of RNA in activating AurB and regulating spindle assembly during mitosis.
Our work expands the repertoire of proteins that are regulated by RNA binding [69, 70] . Many such proteins described to date are metabolic enzymes, e.g. aconitase [71] and GAPDH [72] , and are typically inactivated by RNA binding (reviewed in [73] ). Our work uncovers a role for RNA in stimulating enzymatic activity, suggesting that RNA can affect protein function in various ways.
Materials and Methods
Xenopus extracts, spindle assembly reactions
Egg extracts and spindles were prepared as described [74] . RNase treatment of extract was carried out by pre-incubating extract for 1 hr at 20uC with RNaseA TypeX IIA (Sigma) at a final concentration of 0.1 mg/ml (nearly identical results were obtained using RNase from Worthington or the combination of Speptide and S-protein; not shown). The translation inhibitor puromycin was added at a final concentration of 0.1 mg/ml to extract for 30 min at 20uC. For cycled spindle assembly, extract containing sperm nuclei at a concentration of 500 nuclei/ml was cycled into interphase for 90 min with 0.6 mM CaCl 2 [74] . Where indicated, Cy5-dUTP was added to cycling reactions at 2 mM. One volume of interphase extract was arrested with 2 volumes of extract treated with or without RNase as described. RNase concentration was adjusted to be 0.1 mg/ml throughout the experiment. Nocodazole was added at a final concentration of 10 mM where indicated. Rhodamine-labeled tubulin (Cytoskeleton, Inc.) was added at 10-20 mg/ml, GFP-AurB was added at 500 nM, and MBP-CyclinB D90 was added at 1 mM, and EB1-GFP was added at 750 nM, where indicated. Spindle reactions were diluted in 1x BrB80+30% glycerol+0.5% TritonX-100 and spun onto coverslips as described [74] . Coverslips were fixed in methanol at 220uC for 10 min. For immunofluorescence analysis and GFP-AurB quantitation, dilution buffer contained additional 4% paraformaldehyde, and methanol fixation was shortened to 2-3 min.
All images were obtained with an Olympus BX61 microscope equipped with a charge-coupled device camera (ORCA, Hamamatsu). Fixed images were acquired with the spinning disk confocal setting.
Antibodies
Mouse aphospho-H3 (ser10) (Millipore) was used at 1/5000 for western blot. Rabbit aCenpE was a gift of Don Cleveland [75] and used at 1/500 for immunofluorescence and detected with aRabbit-Cy3 (Jackson Immunochemicals) at 1/1000. Sheep aMCAK antibody was a gift of Claire Walczak [18] and used at 2 mg/ml for immunofluorescence and detected with aSheep-Alexa 488 (Jackson Immunochemicals) at 1/1000. Mouse DM1a (antitubulin) was used at 1/5000 for western blot. Rabbit aAurB antibodies were generated by Covance against full-length denatured protein, and used at 0.1 mg/ml for western blot (see below for immunoprecipitations). Rabbit aRNaseA antibody was generated by affinity purifying serum raised against an S-peptide tagged protein with RNaseA coupled to CNBr-activated beads (Amersham), and used at 1 mg/ml for western blot. Rabbit aGFP antibodies were generated by Covance against a GFP-tagged protein, and affinity purified against recombinant GFP. Antibodies were used at a final concentration of 0.1 mg/ml for western blot (see below for immunoprecipitation). Alternatively, 40 ml of GFPTrap beads (Allele Biotech) were used for GFP immunoprecipitations. Control, non-specific IgG antibodies (Jackson Immunochemicals) were used at equivalent concentrations as specific antibodies. Rabbit aOp18 (a gift from Rebecca Heald) was used at 0.08 mg/ml for western blot. Rabbit aDasraA and aSurvivin were gifts from Hironori Funabiki and Ming Tsai and used at 1/10,000 and 1/3000, respectively, for western blot. All western blots were detected with HRP-conjugated secondary antibodies from Jackson Immunochemicals at 1/10,000.
aMCAK immunofluorescence.
Nuclei were cycled through interphase in the presence or absence of Cy5-dUTP as described above. Unlabeled and Cy5-labeled interphase reactions were re-arrested in mitosis with control or RNase-treated extract, respectively, each containing rhodamine-labeled tubulin and 10 mM nocodazole, as described above. After 1 hr., reactions were fixed with paraformaldehyde as described above, combined, and spun onto a single coverslip. The coverslip was then processed for aMCAK immunofluorescence using Alexa488-labeled secondary antibody. Pairs of control and RNase-treated nuclei (distinguishable by the absence or presence, respectively, of Cy5 label in the chromosomes) lying in the same field of view were selected for analysis. Kinetochores were selected by manual thresholding based on the Alexa488 signal on control nuclei, and the integrated intensity of the remaining foci on each nucleus was computed using Metamorph.
Luciferase Assays
Renilla Luciferase DNA (Promega) without (pMB 341) or with (pMB 725, a gift of Joe Avruch) an IRES sequence was transcribed in vitro. Capping reactions were conducted with the ScriptCap m7G capping system as described (CellScript). IRES-containing RNA was not capped. RNA was incubated at 10 nM in extracts at 20uC for 1 hr., and luciferase activity measured using the DualGlo Lucifearse Assay System (Promega).
Kinase assays
Kinase assays were performed as described [39] . Briefly, AurB was immunoprecipitated from 30 ml control or RNase-treated extracts pre-incubated with sperm nuclei for 1 hr. Immunoprecipitations were conducted using 0.5 mg aAurB antibodies bound to Protein A dynabeads (Invitrogen). Kinase assays with recombinant GFP-AurB were performed by incubating the recombinant protein at a concentration of 500 nM with sperm nuclei in extracts for 1 hr., followed by immunoprecipitation with 5 mg a GFP antibody as described above. Beads were washed in 1 ml XB without calcium or sucrose (10 mM HEPES, 100 mM KCl, 1 mM MgCl 2 pH7.7) plus 300 mM NaCl and 0.1% TritonX-100, and collected on a magnet. Beads were subsequently washed in 1 ml PBS with or without RNaseA at 0.01 mg/ml and rotated at room temperature for 10 min. A second wash with RNaseA was conducted without incubation, then beads were washed 3 more times with XB+ NaCl+ TritonX-100 as before. Beads were washed once with kinase buffer (20 mM Tris pH 7.5, 1 mM MgCl 2 , 25 mM KCl, 1 mM DTT, 40 mg/ml BSA). Kinase reactions with MCAK substrate contained 0.1 mM ATP, 5 mM GFP-MCAK-NT, 0.5 mCi g 32 P-ATP, and AurB bound to 0.1 mg aAurB antibody on beads in 20 ml kinase buffer. For kinase assay rescues, RNA was prepared from separate extracts and corresponding AurB immunoprecipitations using the RNeasy kit (Qiagen) as described below. Reactions were incubated for 15 min at room temperature. Beads were collected on a magnet and the supernatant was saved in final 1x SDS loading dye. Samples were run on 10% PAGE, the gel was then dried and analyzed for 32 P incorporation using the PhosphorImager system. Reactions with histone H3 substrate included 2 mg/ml histones (Type VIII-S) instead of GFP-MCAK-NT, and were detected by western blot.
In vitro kinase assays
Kinase assays were performed as described [52] . Protein complexes were added at a concentration of 600 nM to 5 ml l phosphatase reactions containing 100 U l phosphatase. Phosphatase reactions were incubated at 25uC (CPC) or 30uC (AurBIncenp) for 30 min. Reactions were diluted to a final volume of 10 ml containing 0.1 mM ATP, 0.25 mCi g 32 P-ATP, 0.5x kinase buffer (see above), and 1 mM sodium vanadate to inhibit the phosphatase. 500 nM of RNA or double-stranded DNA was added as indicated. Reactions were incubated at room temperature for 15 minutes, then stopped by the addition of SDS loading dye. Samples were analyzed as described above.
RNA sequencing
AurB was immunoprecipitated from 100 ml of extract treated with puromycin for 30 min. Immunoprecipitation was conducted on ice for 1 hr with 80 mg aAurB antibody. Beads were washed five times with 1 ml PBS+1% TritonX-100. RNA was isolated according to the RNeasy kit ''RNA clean up'' protocol (Qiagen). RNA libraries were prepared for sequencing using the TruSeq RNA Sample Preparation v2 kit (Illumina) according to manufacturer's instructions. Four libraries were barcoded and sequenced per lane on an Illumina HiSeq machine. Comparison of enrichment of AurB associated RNAs was performed by sequencing three biological replicates of RNA from AurB immunoprecipitations and from matched total extracts. Comparison of changes in AurB-bound RNAs upon changes in cell cycle state (mitotic vs interphase extracts) was performed from a single extract by comparing the enrichment of RNA in AurB immunoprecipitations vs total extract in each phase. Sequencing reads were aligned to the Xenopus laevis Unigene transcript database using Bowtie [76] allowing for 1 mismatch per sequence. Reads per transcript and reads per Kb per million mapped were calculated using a custom Perl script. Graphs and statistical analysis of sequencing data were performed using R.
Spindle-associated RNAs were obtained by diluting cycled spindles in 1x BrB80+30% glycerol +0.5% TritonX-100 and pelleting through a 10 ml 1x BrB80+60% glycerol cushion as described [22] . RNA was isolated by Trizol (Life Technologies) extraction. Strand-specific Illumina libraries were prepared using the Illumina Tru-Seq kit and aligned to the X. laevis Unigene database as described for AurB-associated RNAs. To perform correlation analysis between AurB-bound and spindle-bound RNAs, we examined only transcripts that had a total of 100 reads in each sample.
RNA sequences associated with this study have been deposited into the NIH SRA under accession numbers (Bioproject: PRJNA191571 and PRJNA247381).
Motif analysis was performed by obtaining the sequences for all RNAs enriched in AurB IPs greater than two standard deviations from the mean, and filtered against a negative-control set of sequences derived from transcripts that were under-represented in AurB immunoprecipitations. The negative control set was four times larger than the set of AurB-enriched RNAs in terms of total nucleotide length. Prior to motif or base composition analysis, poly-A tails were removed from sequences. These sequences were used as input for the MEME motif discovery software (http:// meme.sdsc.edu/meme/cgi-bin/meme.cgi) using the discriminatory motif discovery mode.
Gene Ontology analysis was performed by using BlastX to search the X. laevis Unigene transcripts against the human Uniprot protein sequences. Human Uniprot accession numbers for AurBenriched transcripts and all expressed transcripts were used as input for GO analysis using DAVID [40] .
Binding of endogenous transcripts to AurB was verified by isolating AurB-bound RNA as described above, and converting to cDNA with random hexamer primers using Superscript III reverse transcriptase (Life Technologies). Individual transcripts were quantified using the iQ SYBR Green system (Bio-Rad).
In-extract RNA binding assays
A 318 bp fragment of Xl. 84202 was amplified from Xenopus laevis cDNA with primers oMB 1668 (CAGGACTTGGTTGA-GACAAAATG) and oMB 1669 (GAGCATCCAATTCTTCAT-CACC), and a 320 bp fragment of Xl. 19006 was amplified similarly using primers oMB 1644 (CAAATTGATAAAGAGA-CAGATG) and oMB 1645 (TGCTCTCCAA-GATGCTTGTCC). Both fragments were cloned into pCR2.1 TOPO (Invitrogen) (pMB 731 and 732, respectively). A 41 nt region identified by MEME motif analysis in pMB 732, consisting of bases GGCAAAATCAGATCACAAATCTGAAAGA-GAAAAAGTAGAAA was mutated to ATGGGGCT-GAGCTGTGGGCTCAGGGAGAGGGGGACGAGGG (pMB 733). DNA templates were amplified with T7 and M13 Reverse primers and used for in vitro transcription with T7 RNA polymerase. The resulting RNAs were capped as described for luciferase assays, and added to extracts together at a final concentration of 1 nM each. In vitro transcribed RNAs were incubated in extracts for 30 min., followed by treatment with puromycin for 30 min. RNA bound to AurB was isolated as described for RNA sequencing, reverse transcribed with random hexamer primers, and quantified by qPCR as described above using a plasmid-specific forward primer oMB 681 (GGGCCCTCTAGATGCATGCTC) and the following reverse primers: oMB 1669 (GAGCATCCAATTCTTCATCACC) for Xl. 84202, oMB 1810 (CTCTTTCAGATTTGTGATCTG) for Xl. 19006 WT, or oMB 1811 (TCTCCCTGAGCCCACAGCT-CAG) for Xl. 19006 mutant.
Protein expression and purification
GFP-3xHA-AurB was made by cloning full-length AurB DNA with an N-terminal 3xHA tag into a GFP-pET30a vector (pMB 599). GFP-MCAK-NT was made by cloning DNA encoding amino acids 2-149 of MCAK into a GFP-pET30a vector (pMB 730). Plasmids encoding AurB/Incenp and Survivin/DasraA have been previously described [52] . Survivin (with or without DasraA) was expressed by cloning the appropriate ORFs into pET30a (pMB 765, 766, respectively). Expression constructs were transformed into BL21 Rosetta (Promega). Cultures were grown to an OD 0.4-0.6 and IPTG was added to 0.1 mM, and cells were grown overnight at 16uC. Cells were collected by centrifugation and resuspended in the following buffers: AuroraB/Incenp, AuroraB/Incenp/Survivin/DasraA in PBS with 10 mM Imadazole and Protease Inhibitors (LPC and PMSF); Survivin, Survivin/ DasraA, GFP-Aurora-B, His-3XHA-Aurora-B-N in PBS+ 350 mM NaCl+10 mM Imadazole and Protease Inhibitors. Cells were resuspended in 20 mls of buffer per 1 L of initial culture. Cells were lysed by a single passage through a French Press (1200 Psi) and 1 mL of Benzonase was added. Lysates were cleared by centrifugation 25,0006g for 30 min. Proteins were purified using Ni-NTA (Qiagen) and washed with ,50-100 column volumes of lysis buffer. Proteins were eluted using lysis buffer+ 500 mM Imadazole. Eluted proteins were immediately applied to a gel filtration column (Superdex 75 for: Survivin, Survivin/ DasraA, 3XHA-Aurora-B-N), (Superdex 200 for GFP-Aurora-B, Aurora-B/Incenp, or CPC). Peak fractions were collected, quantifed by Bradford, and stored at 280uC. CyclinB D90 was expressed in DH10 cells as a fusion to MBP, and purified over a maltose column.
RNA EMSA
RNAs were produced by in vitro transcription using PCR products as a template and T7 RNA polymerase. In vitro transcripts were labeled with Cy5-CTP (ratio of incorporation: 1:20). RNAs were purified by LiCl precipitation, diluted to 100 nM and stored at 280uC.
Final EMSA reactions contained: 20 mM Hepes (pH 7.8), 100 mM NaCl, 2 mM MgCl2, 4% glycerol, 1 mM beta-mercaptoethanol, 0.1 mg/ml yeast tRNA, 1 nM Cy5-labeled transcript and varying amounts of recombinant protein. 20 mL reactions were incubated at room temperature for 30 min and separated on 4% native acrylamide gels (prepared with 19:1 acrylamide: bisacrylamide). Gels were electrophoresed for 1 hr at 110 Volts and scanned using a Typhoon Imager (GE).
Percentage of RNA bound by each protein was calculated using ImageJ. Apparent dissociation constants were calculated from each lane using the equation:
Each titration was performed a minimum of two independent times and the reported K d is an average of all lanes from two trials. K d plots were produced using R.
Ethics Statement
All animal work was performed according to standards of animals care and approved by MGH IACUC (OLAW Assurance #: A3596-01). All animal work performed in this study was approved by the Massachusetts General Hospital Subcommittee on Research Animal Care. Frogs were housed in Aquatic Habitats recirculating water housing systems. Water was maintained at a conductivity of ,1800 mS and a pH between 7.5-8. Animals were fed frog brittle (Nasco). Frogs were provided with PVC tubes and plastic lily pads as enrichment. Frogs are handled minimally and all injections are performed using the best possible practices to minimize distress during handling. Figure S1 AurB kinase activity requires RNA in a translation-independent manner. A) Hyperphosphorylation of Op18 in control or RNase-treated extracts containing phosphatase inhibitors, and sperm nuclei at a concentration of 5000/ml. Arrow indicates AurB-dependent hyperphosphorylated form of Op18. Tubulin is shown as a loading control. B) Indicated volumes of total egg extract were probed by western blot using custom aAurB antibody. Arrow indicates AurB. C) Phosphorylation of GFP-PP7 (non-specific protein) or GFP-MCAK-NT by AurB in vitro. D) Phosphorylation of histone H3 in vitro by AurB isolated from control or RNase-treated extracts incubated with sperm nuclei, and washed in the presence or absence of RNase. AurB is shown as a loading control. E) Same as (D), using recombinant AurB added to extracts and immunoprecipitated with anti-GFP antibody. D-E) Data are representative of experiments performed at least in triplicate. F) Inhibition of capdependent and IRES-dependent translation by puromycin. Luciferase RNA containing either a 59 cap or the IRES sequence from HIV-1 was translated in extracts, and protein levels were monitored after 1 hour of incubation. n = 3 extracts. Error bars represent SEM. Luciferase RNA levels were comparable in control and puromycin-treated extracts during the course of the assay as assessed by RT-PCR. Total RNA is shown as a loading control. The decrease in IRES RNA during the experiment results from degradation due to an absence of a 59 cap; note that degradation is unaffected by puromycin. G) Phosphorylation of MCAK in vitro by AurB isolated from mitotic extracts in the presence or absence of the translation inhibitor puromycin. Activity of AurB from interphase extract is also shown. All extracts were incubated with sperm nuclei prior to AurB isolation. MCAK substrate and AurB amounts are shown as loading controls. Data are representative of experiments performed at least in triplicate. H) Mitotic extract was incubated with sperm nuclei for 1 hr., and subjected to immunoprecipitation with aAurB antibodies. RNA was isolated from total extract prior to immunoprecipitation (input), or from the immunoprecipitation (AurB IP). The resulting RNA pools were added to reactions shown in Fig. 1 Table S2 Correlations between two different, representative sequencing libraries. Pearson correlation coefficients were calculated using RPKM per transcript from sequencing libraries derived from total RNA in 2 separate extracts, or from RNA co-immunoprecipitated with AurB from the corresponding extracts. In addition, the correlation of transcript enrichment in the AurB immunoprecipitation (Aurora-B IP(rpkm)/Total extract(rpkm)) was calculated with respect to the relative enrichment of each transcript on purified spindles, and with the base composition of each transcript (% of each base). (DOCX) 
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